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The reflectance of basal-plane epitaxial layers of GaN has been measured between 5
and 30 eV, and Kramers-Kronig analyzed to get the dielectric function and the electron-
energy-loss function. The second derivative of the reflectance with respect to energy was
obtained in the region of Ga 3d —+ conduction-band excitations. The latter show weak
structure from transitions to I final states and stronger structures to final states along U,
both split by the 0.40-eV Ga 3d spin-orbit splitting. The loss function exhibits two peaks,
the stronger one at 19.0 eV, below the expected 23.3 eV, while the weaker one is at 23.2
eV.
I. INTRODUCTION
Gallium nitride is a large-band-gap semiconduc-
tor with the hexagonal wurtzite structure. It bears
a close resemblance to the other Ga-V semiconduc-
tors, Gap, GaAs, and GaSb, which have the cubic
zinc-blende structure. The distribution of nearest
and next-nearest neighbors is nearly the same in
the two structures, so the structure difference
seems not to be very important for the electronic
structure. It does, however, make a difference in
the size and shape of the Brillouin zone and in the
notation used to describe the symmetry of the wave
functions. The correspondence between the bands
in the two structures can be made, in part. ' The
principal differences between the band structures in
the zinc-blende and wurtzite structures are that
there are fewer degeneracies in the wurtzite struc-
ture, and some different electric dipole selection
rules for the optical properties, which lead to some
optical anistropy in the wurtzite-structured crys-
tals.
Far less is known about the electronic structure
of GaN than about the electronic structures of the
other Ga compounds. The optical properties have
been studied up to 12 eV, and there has been a
study of the valence band and Ga 3d core levels by
x-ray-induced photoemission. ' The energy bands
have been calculated several times "" and the
results compared extensively with optical data in
one case.
In the following we report on reflectance mea-
surements (Elc) in the S —30-eV region. The
spectrum above 20 eV is dominated by transitions
from the Ga 3d levels to the conduction bands.
Since the Ga 3d levels are nondispersive, the spec-
trum is related directly to the conduction-band
density of states (and dipole matrix elements). To
enhance the appearance of structures we have taken
the second derivative of the reflectance spectra
with respect to energy. %e also have obtained the
dielectric function and the characteristic electron
energy loss spectrum by Kramers-Kronig analysis
of our reflectance spectrum.
II. EXPERIMENTAL
The GaN samples were epitaxially grown on
single-crystal sapphire substrates by pyrolytic depo-
sition from Ga(CH3)2 in NH3 (Ref. 13) or by solu-
tion growth from Ga in NH3 and H2. ' They were
oriented with the c axis normal to the plane face
and were from 3—5-pm (pyrolytic) to 100-pm
(solution) thick. - Measurements were made on the
as-grown surface, on surfaces lightly polished with
A1203, and on polished surfaces which were given a
light etch in phosphoric acid at 90 'C. ' ' Spectra
in the region of the band gap have been reported to
be nonreproducible because of different strains in
different samples brought about by differential
thermal expansion between the GaN and the sub-
strate. At higher photon energies we found the
sample-to-sample differences that were not attribut-
ed to different amounts of scattering by surface
roughness appeared as a loss in sharpness of struc-
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tures in the reflectance.
The reflectances were measured using synchro-
tron radiation from the electron storage ring Tan-
talus. The reflectometer and techniques used have
been described previously. ' There was no problem
with inadequate spectral resolution or with long-
wavelength scattered radiation or with second-
order radiation. In order to enhance reflectance
structures above 20 eV we measured the reflectance
at 30' and 60' with p-polarized radiation. These
data were recorded with a signal-to-noise ratio
large enough to allow the second derivative of the
reflectance with respect to energy to be taken
without an inordinate amount of noise. The spec-
tra were, however, smoothed before presentation.
Such spectra give, in principle, a mixture of the re-
flectances and derivatives for E~ ~c and Elc. How-
ever, at such photon energies for core level transi-
tions the anisotropy is expected to be slight, but it
may not be negligible at threshold.
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FIG. 2. Spectrum of reflected p-polarized phonon
flux from GaN at 60' angle of incidence (dashed) and its
second derivative with respect to energy. The latter is
essentially d R/dE .
III. RESULTS
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FIG. 1. Reflectance (300 K) of the basal plane at
GaN single crystal taken at 10' with p-polarized radia-
tion.
Figure 1 shows the reflectance spectrum taken at
near-normal incidence. The region below 12 eV
agrees qualitatively with the spectra reported by
others ' ' although some spectra show a reduced
reflectance at the higher energies caused by non-
specular scattering from surface roughness. There
were differences in the magnitudes of the higher
energy reflectance peaks in our data which corre-
lated with the amount of surface roughness-induced
nonspecular scattered radiation which was detected
by moving the detector out of the specularly re-
flected beam, but the effects of scattering were far
less than those of Ref. 9. The spectrum of Fig. 1
was influenced negligibly by such scattering.
A number of additional scans were made at 30'
and 60' angle of incidence with p polarization in
the region above 20 eV. Figure 2 shows this re-
gion. The spectrum of reflected light is shown by
the dashed curve. This curve has not been correct-
ed for the energy dependence of the monochroma-
tor output or the detector sensitivity. These do not
contribute appreciably to the solid curve, which is
the spectrum of the second derivative of the dashed
curve with respect to energy. It is effectively a plot
of d 8 /dE for 60' p-polarized incident radiation.
We obtained the dielectric function e for Elc by
a Kramers-Kronig analysis of the spectrum of Fig.
1. The extrapolation to low energy was made by
using the reflectance and refractive index data in
the literature. ' Above 30 eV a power-law extra-
polation was used, adjusted so the falloff in reflec-
tance with energy was parallel to that computed
for GaP from the absorption coefficient in the
40—150-eV region. ' The dielectric function so
obtained was similar in shape and magnitude to
that previously obtained for the 2.5—10-eV re-
gion, using only data from that region, but our
spectra extend to 30 eV. There is little new struc-
ture in the dielectric function, except that from the
Ga 3d excitations, to be discussed belo~, and we
do not display our dielectric function. The
electron-energy-loss functions, however, are more
interesting. They are proportional to the probabili-
ty that a fast electron will lose energy E by excit-
ing a longitudinal excitation in the volume and at
the surface, respectively, and are Im ( —I/Z) and Im
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FIG. 3. Volume (solid) and surface (dashed) electron
energy loss spectra of Fig. 1 by Kramers-Kronig anal-
ysis. These are Im( —1/e) and Im [—1/(e)], respec-
tively, for q~ and Elc.
30
[—1/(e+1)], respectively. These are shown in
Fig. 3.
IV. DISCUSSION
The dielectric function can be related to the
band structure via a calculation of e2. This in-
volves calculating electric dipole matrix elements
between all possible contributing states. These are
difficult to calculate, and often not very accurate.
One often assumes that the matrix elements vary
slowly with energy and neglects them, making the
calculated e2 proportional to the joint density of
states. In the case of the excitation of Ga 3d elec-
tron, the initial states are just two bands, perfectly
flat on the scale of our resolution, separated by the
spin-orbit splitting. The contribution to e2 from ei-
ther one of the spin-orbit components is then pro-
portional to the density of states in the conduction
band, with some final states not contributing if
they have little Ga p character. Figure 4 shows
the calculated energy bands for GaN and the densi-
ty of states derived from them. The valence band
density of states has already been compared with
experiment, the x-ray photoelectron spectrum
(XPS).' The overall widths agree and the two
principal peaks occur in both spectra, but the posi-
tions of the large peak at lower binding energy do
not agree, having binding energies of 1.9 eV in the
calculation and 3.5 eV in the XPS spectrum. The
relative heights of the two peaks in the calculated
spectrum are not correct either.
The conduction band density of states can be
studied in the reflectance and d R/dE spectra.
The threshold for transitions can be estimated as
being 21.24 eV, the sum of the binding energy of
the (unresolved) Ga 3d levels with respect to the
top of the valence band (structure 8 in Ref. 10) and
the 3.5 (or 3.6) eV band gap. This quantity should
be reduced by 0. 16 eV to account for the threshold
for the uppermost of the resolved spin-orbit split
Ga 3d components, assuming no exciton binding
energy, which may be of the order of 0. 1 —0.2
20
These transitions should exhibit the spin-orbit
splitting of the Ga 3d levels, about 0.40 eV. Tran-
sitions from these levels should occur. to any
conduction-band states with a significant admix-
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FIG. 4. Calculated band structure and density of states for GaN (from Ref. 8).
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ture ofp character on the Ga site. Usually those
transitions to critical points in the conduction band
will be emphasized in the d R /dE spectrum, the
interband critical point energies being close to the
energies of the peaks in the second derivative spec-
tra at 60'.
Maxima appear in the calculated conduction-
band density of states at energies of 2.5, 4.2, and
5.2 eV above the conduction-band minimum.
These maxima arise from the contributions of more
than one critical point. Moreover, in the derivative
spectra, weak sharp structures tend to be em-
phasized rather than large broad ones, so a one-to-
one mapping of the density of states is not expect-
ed.
There is weak structure in the reflectance and its
energy derivatives beginning about 20.5 eV, ap-
proximately where the onset of transitions from the
Ga3d levels is expected. These are weak signals in
d R/dE, arising from a very slight change in
slope of the reflectance spectrum, but they occurred
in all samples and do exhibit the expected spin-
orbit splitting of the Ga 3d levels, 0.4 eV, as
marked in Fig. 2. We believe these structures arise
from transitions to the absolute conduction band
minimum at I, a I i state with some Ga p charac-
ter. The structure is weak because of a small phase
space volume about I, but detectable because it is
at threshold and there is little background, just the
diminishing background of valence-band excita-
tions.
The next structure is far more prominent and
the 0,40-eV spin-orbit splitting is manifest. This
doublet is 1.3-eV higher than the first structure
and is four or five times stronger in the second
derivative spectrum. It occurs at the energy of the
minimum in the reflectance. Presumably, it
represents transitions into the next lowest
conduction- band minima which are allowed.
There are additional structures in Fig. 2, peaks
at 25.9 and 27.8 eV. These do not show any split-
ting and their widths are such that there appear
not to be any unresolved structures as far apart as
0.4 eV. These peaks occur 4.5 and 6.5 above the
onset of transitions from the core levels to the
conduction-band minimum. The lack of spin-orbit
splitting probably arises because these are compo-
site peaks from overlapping degenerate, but not
equivalent, conduction-band critical points of dif-
ferent types, giving different line shapes.
From Fig. 4 we see that the second conduction-
band minimum is the I 3 minimum, only 0.4 eV
above the absolute I
&
minimum. This small
crystal-field splitting is about the same as the
spin-orbit splitting of the Ga3d levels. A simple
calculation, based on the degeneracies of the initial
and final states and assuming the 0.4-eV I
~
—I"3
splitting is correct, shows that we expect three
structures at threshold, with 0.4 eV between them,
with weights of 3, 8, and 4 in order of increasing
energy, neglecting matrix elements. The third
component at higher energy is not apparent in the
spectra, and the two components occur as in the
nearly equal intensities. We note that in other
wurtzite-structured semiconductors, e.g., ZnS, the
corresponding crystal-field splitting is much larger,
1 eV and more, due to greater ionicity in the latter
two compounds. If the ionicity of GaN were
higher than that "assumed" in the band calcula-
tions, then the I
&
—I 3 gap in the conduction bands
would be larger, and only two structures would ap-
pear below the larger pair of structures, giving
qualitative agreement of the band structure with
Fig. 2. Moreover, the I 3 minimum probably has
little Ga p character and it should not yield det~t-
able spectral features.
About 1 —1.5 eV above the I i and I 3 minima
there are many conduction-band critical points, at
points M, L, and A, and along the U line. The
bands of ZnS (wurtzite structure) show a consider-
ably larger energy diAerence between the conduc-
tion-band minimum and the states in the same
band on the zone boundary, at M, L, and A, and
along U. We believe a similar larger separation is
appropriate for GaN as well, placing the Mi, L & 3,
and Ai 3 points and the Ui and U3 lines about
1 —1.5 eV above I i. It is tempting to associate
the strong structure in Fig. 2 with the Ga 3d —+X&
transitions which dominate the corresponding spec-
tra of the zinc-blende-structured Ga-V com-
pounds. ' ' The X points in the Brillouin zone for
the zinc-blende structure map into points along the
line U for the wurtzite structure, as do six of the
zinc-blende L points, which also contribute more
than do the zinc-blende I points to such spec-
tra. ' The Ga3d —+X& transitions give the larg-
est contribution to the electroreflectance spectra of
GaP and GaAs in this spectral region, and transi-
tions to L i points give a smaller contribution.
Thus, the corresponding transitions to the minima
along the Ui lines, probably at M&, probably cause
the large structure in d R/dE, beginning 1.3 eV
above the threshold. This raises the Mi point
about 0.2 eV above its calculated position with
respect to I i, but it need not alter assignments of
interband optical transitions given by Bloom et al.
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The electron-energy-loss function, Fig. 3, is in-
teresting in that it displays two peaks, each
representing a longitudinal volume excitation. The
free electron plasmon energy %co& is 22.04 eV while
the expected value of the plasmon in a system with
a band gap of Eg is [(Std) +EG)]'r =23.3 eV.
The principal loss function peak is at 19.0 eV and
the secondary peak is at 23.2 eV. e~ passes
through zero at 17.2 eV, so the occurrence of the
double peak and the shift of the lower one from the
free-electron value is influenced by the interband
and Ga 3d core-level transitions. In fact, the
minimum between the peaks is at 22 eV, about the
onset of the stronger transitions from the Ga 3d
levels. The double structure in the loss function
can also be seen in the XPS spectrum of the Ga 3d
levels as a pair of satellite peaks (Ref. 10, Fig. 1).
The loss functions of GaN, GaAs, and GaSb do
not show such prominent "second" loss-function
peaks at higher energies, showing instead a weak
doublet probably arising directly from the Ga 3d
excitations.
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